Measurements of burning rates and radiative heat loss fractions for pool flames burning a variety of fuels in pools of three sizes are reported. The data show significant effects of fuel type on burning rates. The radiative heat loss fractions of luminous flames are found to be relatively independent of sooting tendency. Measurements of monochromatic absorption and two-line emission intensities indicate that this insensitivity is due to the presence of large quantities of cold soot in heavily sooting flames.
Burning rates of objects on fire determine safe egress times, heating rate of surrounding objects and flame spread rates. Radiative heat flux from fires to surrounding objects determines the possibility of ignition, flame spread and flashover. Therefore, the knowledge of burning rates and radiative heat fluxes of flames has been sought since the early days of fire science [1] .
Burning rate of liquid fuel in a pool flame configuration depends on the rate at which energy is transferred from the flame back to the fuel surface (heat feedback). Hottel [2] identified the heat feedback mechanisms as conduction, convection and radiation. Based on the data of Blinov and Khudiakov [3] for gasoline and diesel fuel fires, following inferences concerning the dominant heat transfer mechanism are stated in the literature [4] . Below a pool size of 10 em, conduction is important, between 10 em and 30-50 em diameter pools, convection is important and above these sizes radiation dominates the heat feedback. The size above which radiation becomes dominant is assumed to vary between 30-50 em depending upon fuel type. Whether this limit is appropriate for heavily sooting fuels has not been examined. If the range is indeed appropriate then the reasons for the relatively narrow range of pool diameters over which fuels with vastly different sooting tendencies achieve the radiation dominated regime need to be understood.
In the conduction and convection dominated regimes, the mass flux at the surface of the liquid pool decreases with increasing diameter. In the radiation dominated limit the mass flux first increases with size and then reaches an asymptotic large-fire limit.
Measurements of radiative heat loss fraction, X R , (defined as the fraction of the ideal heat of combustion that is radiated to the surroundings) for different fuels burning in the pool fire configuration have been reported in the literature [4, 5] . The reported values of X R do not correlate with sooting tendency of the fuel. As an example, X R for heptane flames varies between 30 and 36 % based on the data of Ref. [5] for pool sizes between 25 and 1000 ern, Flames burning benzene, which has a higher sooting tendency, also radiate 34.5 % and 36 % of their chemical energy to the surroundings based on the data of Ref. [4] for pool sizes between 7.6 and 125 em. Although, the range of pool sizes is somewhat narrower for the benzene data, the lack of variation in X R with sooting tendency is surprising.
The purpose of the present paper is to study the burning rate and radiative heat loss fractions of fuels with different sooting tendencies. Eight fuels(methanol, ethanol, hexanol, heptane, methyl methacrylate (MMA monomer), toluene, styrene and an azeotropic mixture of toluene and ethanol) burning in two different pools (4.6 and 7.1 em diameter) are considered. Four of these fuels (methanol, MMA, heptane and toluene) are also burnt in a larger diameter (30 em) pool. Flames burning heptane and toluene are examined further using emission-absorption measurements to understand the low sensitivity of X R to sooting tendency.
EXPERIMENTAL METHODS
The 4.6 em and 7.1 em pools are uncooled pyrex containers and the 30 ern pool is a stainless steel pan cooled at the bottom. The liquid fuel is fed from the bottom by gravity feed through a flow control valve. The liquid level is monitored during the tests using a thermocouple mounted flush with the surface. The lip height is controlled to be approximately 0.5 em for all the flames. The burning rates are measured using a load cell mounted under the fuel supply tank. The uncertainty in the load cell data is estimated to be 5 %.
The radiative heat flux distribution around the flames is measured using a calibrated, spectrally flat wide angle radiometer. The radiometer (facing towards the flame) is traversed in the vertical direction at a distance "R" (R = 25, 40, and 160 em for 4.6, 7.1 and 30 em pools respectively) from the flame axis. The individual values of R are selected to ensure that the entire flame is in the view of the detector at all measurement locations. The time-averaged radiation heat flux q(z) is measured starting from the plane of the pool (z=O) and ending at a height at which q(z) is approximately 10% of its maximum. The height (Zmax) at which q(z) would be negligible is estimated from the q(z) curve by linear extrapolation. The radiometer (facing upward) is also traversed radially outward in the plane of the pool starting from the pool radius R p and ending at a radius of R. The time-averaged heat flux in the plane of the pool is designated q(r). The total energy radiated to the surroundings (Q r ) is obtained by numerically integrating the heat flux distribution over the semi-infinite cylindrical enclosure defined by the above measurements as: (1) The radiative heat loss fraction is obtained by dividing Q r by the ideal chemical energy release, Q, of the flames. The uncertainty in the radiative heat loss fraction measurements is estimated to be 10 % based on repeated measurements and calibrations.
A sketch of the three line emission/absorption instrument is shown in Fig. 1 The ratio of the laser intensity after passing through the flame and the incident laser intensity is the transmittance through the flame:
Under the present approximations, the transmittance is related to the volume fraction and refractive index of soot along the radiation path. The refractive index of soot is assumed to be independent of temperature and fuel type. There is controversy in the literature concerning the temperature dependence of refractive index of soot [6] . However, variation with temperature and fuel type is not seen for majority of the measurements. Therefore, a constant value (1.55 -0.56i) of soot refractive index given by Dalzell and Sarofim [7] is used in the present study. With this value, K.l. in eq. (2) is set at 4.89. The laser absorption measurements are used to calculate r.l.a using eq. (2).
Radiation intensities leaving the flame at the two wavelengths (900 nm and 1000 nm) are related to the distribution of soot volume fractions and temperatures along the narrow radiation path selected by the long receiving tube: (3) where the local transmittance r). (s) is defined by eq. (2) and l)'b is the black body intensity at the local temperature: (4) It is noted that the intensity leaving the radiation path at the two emission wavelengths defined by eq. (3) depends on the soot volume fraction distribution along the path weighted by the local Planck's function lAb' The K). at 900 nm is 5.33 and that at 1000 nm is 5.59 based on the refractive index for soot.
In order to compare measurements of radiation intensity obtained at various locations from flames burning different fuels, equivalent radiation temperature, Te' and equivalent emission transmittance r).e for the radiation path are defined as shown in eq. (3). Using the measurements of intensity at the two wavelengths, eqs. (3) are solved for Te and r). e assuming that the reciprocal wavelength dependence of eq. (2) is applicable to r ).e' For an isothermal path, Te is equal to the actual temperature and r). e is identical to r). a after correcting for the wavelength dependence of the absorption coefficient. For a non-isothermal path, Sivathanu et al. [6] have found that T, is close to the peak soot temperature along the 'path. If a large portion of the soot particles along the path are at temperatures close to Te' then r ).a and r).e are similar. On the other hand, if r ).a is much larger than r ).e-a large portion of the soot particles are at relatively low temperatures. Table 1 shows the measurements of mass burning rates, m", and X R for the seventeen different flames. The mass burning rates are obtained by averaging the load cell measurements over a 3 minute period. The heat flux measured by the wide angle radiometer was also averaged for three minutes in order to estimate average X R . To facilitate a discussion of these data, the effective heats of vaporization of the fuels L*, the ideal heat release rates 0, and the effective heat feedback to the fuel surface 0", are also tabulated. The ideal heat release rates are estimated from the average mass burning rates by applying conservation of energy to a chemical reaction involving complete oxidation of the fuel to CO 2 and H 2 0 by air. The heat feedback is evaluated a Averaged over a 3 minute period during the tests b * L = C p (Tb-T o) + Hy c mass fraction from the average mass burning rates by multiplying the latter by the effective latent heat L*.
RESULTS AND DISCUSSION
The first three fuels in Table 1 form nonluminous (methanol) or very weakly luminous (ethanol and hexanol) flames with radiation originating primarily from the gaseous product species. For identical pool size (7.1 em), the burning rate for methanol is the highest with that of ethanol only slightly lower. The burning rate of hexanol is approximately 30 % lower than that for methanol. This behavior is apparently surprising since the latent heat of methanol is highest of the three fuels and its heat of combustion is the lowest. As per correlations from the literature, its burning rate should be the lowest.
The heat feedback to the methanol surface is highest of the three alcohols. It is approximately twice that of the hexanol flames. An examination of the flame shapes and measurements of temperature profiles show that the methanol flames are close to the fuel surface and form a narrow neck towards the center. The resulting larger temperature gradients lead to enhanced heat transfer. The flames formed by hexanol on the other hand do not form a neck leading to lower temperature gradient at the surface and a lower burning rate. The present data are not sufficient to determine the relative contributions of flame radiation and convective heat feedback for the alcohol fuels. However, the surprising trend in the burning rates of the alcohol fuels highlights the need for the consideration of fuel structure in burning rate correlations.
The radiative heat loss fractions of all three alcohol fuels are between 17 % and 21 % for the different pools. The radiation is dominated by the infrared bands of carbon dioxide and water vapor.
The next four fuels listed in Table 1 form flames showing considerable yellow luminosity due to soot particles. Transmittance measurements [8] show that the propensity for soot increases in the order heptane-MMA-styrene-toluene. The sooting tendency of toluene and styrene is very similar. The burning rate of heptane increases continuously with pool size for the three pools studied here suggesting that even the 30 em flame may not have reached the large fire radiation dominated limit. Similar behavior is observed for MMA.
In contrast to heptane and MMA, the data for toluene show that from 4.6 em burner to the 7.1 em burner there is an increase in burning rate and that the burning rate is approximately constant for the 7.1 em and 30 em burners. The first observation highlights the increase in burning rate caused by radiation heat feedback (conductive and convective components decrease with size). The second observation illustrates that the flames have reached the radiation dominated limit at 7.1 em pool size. This size is much smaller than the 30 cm size limit stated in the literature for less sooting fuels. The data for styrene also show a similar trend. The results for the azeotropic mixture of ethanol and toluene show intermediate values for the burning rate as expected.
The radiative heat loss fractions X R for the four luminous fuels are in the range 0.27 to 0.34 with no systematic trend with sooting tendency. The values of X R and their insensitivity to sooting tendency are similar to the observations of X R for benzene flames by Burgess and Hertzberg [4] and those for heptane flames by Koseki and Yumoto [5] . To understand this somewhat surprising experimental fact, the structure of the 7.1 em heptane and toluene flames is studied further using measurements of T e, rAe' and r Aa. Although, the toluene flames are dominated by radiation heat transfer, both flames have approximately similar convective components in their heat feedback based on their flame shape and necking tendency. Radiation heat flux from both flames consists of continuum radiation due to soot particles and band radiation due to product gases. In the following discussion, the contribution from gaseous species is assumed to be approximately equal for the two fuels in order to concentrate on the differences in soot radiation.
The mean emission temperatures for the two flames are plotted as a function of distance from the fuel surface in Fig. 2 . As noted earlier, these temperatures are close to the peak temperatures along the diametric radiation path. Over approximately half of the flame height, the temperatures in the toluene flames are lower by approximately 200 K than those in the heptane flames. The adiabatic flame temperature (assuming complete combustion) for toluene is approximately 150 K higher than that for heptane. Thus the observed temperatures for toluene indicate incomplete and nonadiabatic combustion. Since X R for the two fuels are close, the differences in the temperatures can not be attributed to the differences in radiative cooling but are a consequence of the reduced combustion efficiency of toluene as compared to heptane. rAe for toluene flames is higher than t Aa by factors of between 4 to 10. This observation suggests that a large portion of the soot particles in the toluene flames are at relatively low temperatures and do not contribute significantly to the radiation intensity. Sivathanu et al. [6] have experimentally and theoretically reached similar conclusions for heavily sooting acetylene/air flames. The existence of large quantities of cold soot in the toluene flames helps explain the relatively small increase in X R and heat feedback with sooting tendency.
CONCLUSIONS
(1) X R for the present alcohol fires are approximately 20 %. Effects of flame shapes on burning rates and X R that are not treated by existing correlations were observed.
(2) X R for the present luminous flames are approximately 30%. The X R are independent of sooting tendency for luminous flames due to the presence of large amounts of cold soot particles.
(3) The burning rates of toluene and heptane flames show that the radiativelydominated limit is reached at vastly different sizes for the two fuels. For the 30 em pool fires, the burning rates for the two fuels are similar in spite of the higher sooting tendency of toluene. This observations suggests that cold soot particles may exist in 30 em toluene fires as well.
